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ABSTRACT 
The flow processes in a scour protection around a mono-pile in steady 
current is described in relation to transport of sediment in the scour protection based 
on physical model tests. Transport of sediment in the scour protection may cause 
sinking of the scour protection. This may reduce the stability of the mono-pile and 
change for instance the natural frequency of the dynamic response of an offshore 
wind turbine in an unfavorable manner. The most important flow process with 
regard to transport of sediment and sinking of the scour protection is found to be the 
horseshoe vortex. 
It is found that a larger pile diameter relative to the size of the protection 
stones will cause a larger sinking and that two layers of stones will decrease the 
sinking relative to one layer of stones with the same size. 
INTRODUCTION 
During the last decade more and more wind farms have been erected 
offshore. One of the first larger offshore wind farms is the Horns Rev 1. The Horns 
Rev I is located in relatively shallow water (6.5 to 13 m water (MSL)) about 20 krn 
off the Danish West Coast in the North Sea. This area is exposed to strong tidal 
currents and large waves from the North Sea. The wind turbines are founded on 
mono-piles with a scour protection made of a two-layer cover (quarry run from 
around 350 mm to 550 mm) and a 0.5 m thick filter layer (sea stones from around 30 
mm to 200 mm) between the armor layer and the seabed. The wind farm was 
installed in the summer 2002. A control survey in 2005 showed that the scour 
protections adjacent to the mono-piles sank up to 1.5 m. This was unexpected and 
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shortly after the survey in 2005 the holes were repaired by adding additional stones. 
Scour around unprotected piles have been studied extensively over the last 
decades. Most of the available results are compiled in Breusers and Raudkivi (1991), 
Hoffmans and Verheij (I997), Melville and Coleman (2000) (mostly river 
application), Whitehouse (1998) and Sumer and Fredsoe (2002) (mostly marine 
application). Scour protection of piles has not been studied nearly as much and the 
mechanism of failure of scour protections around a mono-pile has only been 
described briefly. In order to gain an understanding of the mechanisms that cause the 
sinking of the scour protection, an extensive program of physical model tests with 
steady current has been carried out in the present study, in an attempt to contribute to 
the knowledge obtained recently by Chiew and Lim (2000), Lauchlan and Melville 
(2001), Chiew (2002), De Vos (2008) among others. The model tests showed that the 
horseshoe vortex, the key element to cause scour around unprotected piles, see e.g. 
Dargahi (I989) and Roulund et al. (2005), is a key flow feature governing the 
sinking process. 
EXPERIMENTAL SETUP 
The tests were conducted in two different current flumes. ( I) A 2 m wide, 23 
m long (excluding in- and outlet sections) and 0.5 m deep flume; and (2) a 4 m wide, 
28 m long (excluding in- and outlet sections) and 1.0 m deep flume. The flumes 
were equipped with recirculation pumps providing mean current speeds of more 
than 60 cm/s in the actual setups. Two different setups were used for the tests in the 
2 m wide flume: A fixed bottom setup used for flow visualizations and velocity 
profiles measurements, and a live-bed test setup with a 10 m long and 0.15 m deep 
sand section, see Figure I. The ramps towards the sand section were made of smooth 
plywood plates. In the case of the 4 m wide flume only live-bed tests were 
conducted. The sand section was around 10 m long and 0.35 m deep. The ramp from 
the actual bottom to the sand section was 3 m long with a core of concrete blocks 
covered with at least one layer of stones (dso=4 cm), see Figure 2. In some of the 
tests in the 4 m wide flume, two piles were tested at the same time, in order to save 
time. The piles were placed at the same distance from the inlet and the distance 
between the piles was 1.75 m, which was large enough to ensure no interference. 
In the case of the fixed-bottom experiments an approximately 0.5 cm thick, 
2.9 m long, white plastic plate, with IS cm long tapered upstream edge, was placed 
on the base bottom over the entire width of the flume enabling a good contrast for 
the flow visualizations. For the velocity profile measurements (using Laser Doppler 
Anemometry, LDA) the plate was painted matte black to reduce reflections of the 
laser beams. The pile was placed 2.0 m downstream of the upstream edge of the 
plastic plate (approximately IS m from the inlet section). 
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In all setups the bottom end of the piles were closed by an end plate to ensure 
that the bottom of the pile was completely sealed. 
The flow velocity was measured in two different ways : A small propeller (3 
cm in diameter) was used in the case of the live-bed tests and a submerged pen size 
LDA probe was used in the case of the fixed-bottom velocity profiles measurements . 
The pen-size LDA probe was a two component probe, approximately 1 cm in 
diameter and 15 cm long. It had a focal length of 80 mm (in water) , a beam spacing 
of 8 mm and a beam diameter of 0.27 mm. The probe was placed vertically pointing 
downwards, when used to measure velocities in between the stones and placed 
horizontally when used outside the stones. 
The sinking of the stones was determined by measuring the vertical 
displacement of the stones adjacent to the pile. To avoid disturbances due to the 
irregularities of the stones the sinking was measured with reference to the same 
point marked on the stone. In case of large rotations or if the stone was covered by 
other stones the measuring of the sinking of that stone was disregarded. In the case 
when a disregarded stone was likely to be the stone with maximum sinking the 
entire test was disregarded. Based on the results of the tests it was found that the 
maximum sinking always occurred for the stone upstream of the pile or on the sides 
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of the pile (stone positions 1, 2, 3, 7 and 8 in Figure 3). The number of stones where 
the sinking was measured around the pile was between three and eight for each test. 
In the case of only three stones were measured, these were I, 3 and 7. 
Cum.:nt 
Figure 3 Position of the stones used for measuring the sinking of the scour 
protection. 
Along with the sinking of the stone adjacent to the pile, the scouring and 
deposition of sand in the area around the pile was measured using measuring pins (3 
mm in diameter) with scales in the form of colored strips. The pins were placed in 
and around the scour protection. 
TEST CONDITIONS 
One sand size was used for the experiments, d50=0.18 mrn. The pile diameter, 
Dp , was changed in the interval 7.5 cm to 20.0 cm. The extent of the scour protection, 
Weaver, was kept in the interval of 20 to 90 cm giving a relative extension of the scour 
protection, weave"! Dp , of 2.0 to 4.5, in which Weaver is the plan-view extension of the 
scour protection from upstream edge to downstream edge. The size of the cover 
stones, Dcover, was in the interval 1.9 cm to 10.3 cm (d50) and applied in one to three 
layers. The water depth, h, was maintained at 29 cm to 30 cm and at 56 cm, giving a 
relative water depth, hlDp, of 2.1 to 5.1. The velocity, UD/2 , at half the pile diameter 
above the bottom was kept within the interval 35 cm/s to 55 cm/s giving a Shield 
parameter from 0.10 to 0.23 in which 8 is defined as: 
U' 8= _ ----"1 __ 
g(s -I)dso 
where Uf, the friction velocity associated with the far field, is calculated using the 
Colebrook-White equation. 
Three different materials were used for the scour protection: Round stones 
with a mean diameter (d50) of Deover=1O.3 cm with d J5=9.0 cm and dS5=11.2 cm, The 
stones were used in one layer with a mean thickness of 7.6 cm; crushed stones with 
mean diameter of Dcover=4.3 cm with d J5=3.7 cm and dS5=4.9 cm and, the stones 
were used in one, two and three layers with a mean thickness of 3.2,6.2 and 9.0 cm, 
respectively; crushed stones Deover=1.9 cm with d J5=1.6 cm and dss=2.8 cm, the 
stones were used in one and two layers with a mean thickness of 1.8 and 3.3 cm, 
respectively. 
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The flow around/in the scour protection around the monopile has been 
investigated using flow visualization and velocity measurements (LDA). The flow 
visualizations were made by adding blue and green dye at the edge of the scour 
protection and in between the stones adjacent to the upstream side of the pile. Only 
one layer of 4 cm stones was used in order not to block the view of the flow near the 
base bottom and to keep the overall view relatively simple. 
The flow visualizations showed that flow pattern around the monopile is 
very similar to the pattern around an unprotected monopile. The flow around an 
unprotected pile has been studied extensively and the results are compiled in for 
example Sumer and Freds0e (2002). In relation to scour development the most 
important flow feature is the horseshoe vortex, see for example Baker (1979) and 
(1985), Niedoroda and Dalton (1982), Dargahi (1989) and Roulund et al. (2005). 
The present flow visualization showed that the horseshoe vortex is still the 
main reason for the removal of sediment close to the upstream side of the pile, see 
Figure 4: When adding dye at the top of the stones adjacent to the upstream side of 
the pile, the dye was transported down into the stones and then upstream in between 
the stones. Around 10 to 15 cm from tbe upstream edge of the pile and 10 to 15 cm 
from the upstream edge of the scour protection these two, opposite directed flows 
met at a separation line. At the separation line they were forced upwards into the 
main flow and transported away. 
Approach 
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Figure 4 Sketch of the flow around a mono-pile with scour protection. 
By adding dye at the upstream edge of tbe scour protection two important flow 
patterns were observed: Small horseshoe vortices were generated in front of the 
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protection stones (as sketched in Figure 4) while water was able to flow into the 
scour protection in the gaps between the stones. 
Flow visualizations were made at different position at the side of the pile and 
downstream of the pile. These flow visualizations showed no important flow 
features in relation to the sinking of the scour protection. The flow at the side of the 
pile was dominated by the downstream part of the horseshoe vortex. A flow into the 
scour protection at the downstream edge of the scour protection was observed, but 
this flow was weak and it has not been possible to relate it to any important effect in 
relation to the sinking of the scour protection. The most important flow feature at the 
downstream side of the cylinder is the vortex shedding, see Figure 4. The live-bed 
tests showed that the vortex shedding was not causing any significant sinking, 
however. 
Velocity profiles in between the stones have been measured from 
approximately 1.5 cm above the base bottom to the surface using LDA. The reason 
for the relatively large distance from the base bottom to the lowest measuring point 
was that the LDA probe needed to be vertical in order to measure in between the 
stones. This caused some heavy reflections from the base bottom which made it 
impossible to measure closer to the bottom with the available equipment. 
The velocity profiles upstream of the pile are shown in Figure 5. It is clearly 
seen that a significant return flow is present in between the stones up to around 10 
cm from the edge of the pile. This is consists very well with the results of the flow 
visualizations. 
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Figure 5 Velocity proftIes at different distances to the mono-pile with one layer 
of 4 cm stones. The undisturbed velocity is 40 cm/s. 
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As mentioned previously, small horseshoe vortices were observed in front of 
the protection stones at the upstream side of the scour protection. This will , 
combined with the inflow in the gaps between the stones, cause edge scour. 
However, edge scour is not a problem as long as the scour protection is large enough 
and contain enough material. With the edge scour, the stones will slump down into 
the scour hole and form a protective slope. 
The flow into the scour protection at the downstream side of the pile is very 
weak and is not able to carry any significant amount of sediment. The sediment bed 
tests showed a significant deposition of sediment in between the stone in the wake of 
the pile and only very little or no sinking at all at the downstream edge of the pile, 
contrary to the case of an unprotected pile, where the vortex shedding is responsible 
for the scour at the downstream side of the pile, see e.g. Sumer and Freds0e (2002). 
Live-Bed Results 
The live-bed tests showed a clear correlation between the sinking of the 
scour protection, the stone size, the thickness of the scour protection and the pile 
diameter. The flow visualizations showed that the horseshoe vortex penetrated into 
the scour protection. 
Based on the results of the flow visualizations and the velocity measurements the 
flow pattern around the pile causing the sinking of the scour protection can be 
described as follows: The horseshoe vortex caused by the pile penetrates into the 
scour protection and causes scouring adjacent to the upstream side of the pile. The 
scoured material is transported by the horseshoe vortex either upstream to the 
separation line or to the sides. The material will in both cases be deposited in 
between the stones, relatively far from the pile or, if the horseshoe vortex is strong 
enough, sucked/winnowed up into to the main body of the flow and transported 
downstream. The reason for the suction/winnowing of the sand out from the scour 
protection is a combination of suction by the main flow, as described in Sumer et al. 
(2001), and the upward directed flow at the separation line between the incoming 
flow and the horseshoe vortex. The tests have shown that the deposition inside the 
scour protection is very limited on the upstream side of the pile, and for this reason 
most of the sediment must be sucked out from the scour protection and transported 
away. Sumer et al. 2001 used the parameter elDs/olle as the non-dimensional 
parameter for the sinking of an undisturbed protection layer. The process for a scour 
protection around a pile is in many ways similar to that described above and the 
parameter elDcover is also adopted for the present process as well. 
The size and strength of the horseshoe vortex is determined by the flow 
velocity and the pile size. The velocity is indirectly included in the Shields 
parameter, while the pile diameter is not included in any of the other parameters 
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above. The horseshoe vortex causes the removal of the sediment and a larger 
pile/horseshoe vortex will, in absolute terms, cause a larger sinking. On the other 
hand, for a given pile diameter, the larger the ratio DJ Dcover, the larger the 
penetration of the agitating forces. Therefore the sinking, ema.JDcover, should be 
larger for larger values of DplDcover. If the ratio DpiDcover=O the situation is the 
undisturbed protection, Sumer et al. (200 I). In this case Sumer et al. (200 I) showed 
that the ratio ema.JDcover=O. 1 for one layer of stones, in agreement with the trend seen 
in Figure 6. 
Figure 6 shows the non-dimensional sinking relative to the non-dimensional 
pile size for 0.06<8<0.20. There is a clear trend that the larger the pile diameter, the 
larger the sinking. This is obviously linked to the horseshoe vortex; the larger the 
pile diameter, the larger the horseshoe vortex, and the larger the scour underneath 
the stones, and therefore the larger sinking. The sinking decreases for increasing 
number of layers. When the number of layers is increased from one to two the 
sinking is decreased with around a factor of two for DplDcover smaller than around 5, 
however, the effect is much smaller for DplDcover=1 O. There have only been made 
one test with three layers and considering the scatter of the results with one and two 
layers it is not clear if the third layer provide any significant extra protection. 
Regarding the scatter in the data in Figure 6, this may be attributed to the 
way in which the stones are laid around the model pile, considering the fact that the 
stone size in the tests was relatively large. 
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Figure 6 Results of the live-bed tests. The the range of () is O.10<(}<O.23 and that 
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CONCLUSION 
The mechanism causing sinking of the scour protection adjacent to the 
mono-pile has been identified as the horseshoe vortex penetrating into the scour 
protection. When the horseshoe vortex penetrates into the scour protection it 
transport the sediment adjacent to the pile upstream, where it is winnowed and 
transported away by the main flow. 
• It is found that a larger pile diameter relative to the size of the protection 
stones wiII cause a larger sinking. The maximum sinking is found to be 
approximately 4 to 4.5 times the diameter of the cover stones in case of one 
layer of stones and approximately 3 to 3.5 in case of two layers of stones. 
• Two layers of stones wiII decrease the sinking relative to one layer of stones 
with the same size. For values of D,)Dcover smaIIer than approximately 5 the 
sinking seems to be reduced by a factor of two if the number ofJayers is 
increase from one to two. 
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